Peptide-based proteomics supports identification and quantification as well as localization of post-translational modifications (PTMs) within proteins extracted from biological samples. The 'bottom-up' approach involves the digestion of proteins into peptide fragments that can be detected and sequenced with liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). A web-based application, iPEP, was developed to compare the effectiveness of different proteolytic digests in detecting specific sequences. Furthermore, peptide populations can be examined to help optimize detection of certain groups of proteins relative to the proteome and the digested peptidome. The application reports proteolytic peptide sequences, theoretical molecular weights and functional annotations using Gene Ontology (GO) terms. The iPEP tool can assist with experimental design by maximizing the detection of proteins, consensus sites and modified residues of interest for individual proteins or as part of large-scale proteomic assays. Availability:
INTRODUCTION
Peptide-based proteomics experiments attempt to catalog, structurally and functionally characterize and quantify proteins. A typical liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) experiment involves the following steps: biological sample (e.g. tissue, serum or cell cultures) preparation; protein separation based on LC strategies, protein treatment for proteolytic degradation, protein digestion with proteases or chemical reagents, peptide recovery, mass analysis and database searching to match tandem mass spectra to peptide sequences. Based on the current interest in molecular mechanisms of disease, protein post-translational modification (PTM) analysis is one of the most important proteomic experiments. When examining a single protein, one enzymatic digest will typically not generate 100% sequence coverage, or even produce detectable peptides for all of the potential modification sites. Complementary digests must be used to access different regions of the overall protein sequence.
The analysis of in silico digestion products can be a useful aid for planning experiments. Programs that perform in silico digestion include PeptideMass and PeptideCutter at ExPASy, MS-Digest at * To whom correspondence should be addressed.
Protein Prospector and Protein Digest at ISB, inter al. Users can provide an accession number or protein sequence to do a single in silico digestion. Through iterative manual analysis, the overall picture of cleavage sites, digested peptide sequences and sequence coverage can be calculated and displayed to identify the most promising combination of digestion techniques. Building on these existing tools, iPEP enables optimization of proteolytic degradation of proteins for LC-MS/MS. Submission of a protein accession number or FASTA sequence will generate a comparison of the peptides created by commonly used proteolytic digests.
In addition to sequence analysis for individual proteins, tools for analysis of entire proteomes can be used to examine sample preparation techniques. Optimization of proteolysis in proteomics experiments is increasingly important, particularly when considering the need for detecting low-abundance proteins or PTMs. The proteogest tool (Cagney et al., 2003) performs a comprehensive in silico digestion of an entire proteome or a set of proteins. The tool generates a list of peptide sequences and provides descriptive and statistical analysis, such as molecular weight histograms and amino acid residue distributions. Summary statistics are provided for comparison to results generated from a bench digestion. The ability to distinguish individual peptides in complex proteomes by LC-MS techniques was modeled by (Norbeck et al., 2005) . In another study, (Fischer et al., 2006) investigated membrane proteins that are difficult to detect when cleaved with trypsin. The in silico analysis and subsequent lab experiments indicated that a combination of chymotrypsin and staphylococcal peptidase I were superior to trypsin in detecting these membrane-related proteins. In contrast, iPEP produces theoretical calculations for detection of specific sequences (motifs) containing potential PTMs in proteome-wide digests; experiment design is further supported by Gene Ontology (GO) and instrument-based restrictions.
IPEP
IPEP allows the user to report and compare digestion results. It compares the proteome and digested peptidome complexity, optionally based on consensus sites or modified residues. These comparisons use a series of filters applied to the digestion, thereby limiting the output produced. Device-specific molecular weight ranges are available to identify detectable peptides (e.g. limiting molecular weight ranges to 600-4000 Da for LC-MS/MS). Consensus sites or residues of potential PTM can be identified via their sequence (motif) using the Prosite format (Hulo et al., 2006) . Single residues, such as tyrosine, can also be specified enabling phosphoproteomic investigations without limitations due to kinase specificity.
Single protein sequence analysis
The iPEP tool compares the digested products of a single protein, selected by accession number or pasted in FASTA format, with 22 available enzymes and chemical cleavage reagents. In addition to specifying the protein and residue or sequence of interest, a molecular weight filter can be applied to the cleaved peptides. Sequence, peptide and modified residue coverage are compared across the 22 digestions for a protein of interest, e.g. MAPK (Fig. 1) . The digested peptide sequences, start and stop positions, flanking residues, isoelectric point, Kyte-Doolittle hydropathy, missed cleavages and corresponding molecular weight can also be displayed. The digest combination in Figure 1 enables complete detection of threonine residues in the protein.
Proteome-wide scan
The effectiveness of peptide-based proteomics experiments can be predicted by scanning the digestion products of an entire proteome. Filters used for specific selection are at two levels: protein sequence (motif) and peptide molecular weight defined by instruments (e.g. ESI Ion Trap, MALDI TOF/TOF or user-defined). Motifs can either be directly entered or selected from available protein domains within the Prosite database. Two methods for proteolysis are specified; the resulting list of proteins and predicted peptides can be summarized and compared.
Several measures of complexity are calculated at both the peptide and protein level. The measures include proteome complexity (proteins with motif/all proteins) and peptidome complexity (peptides with motif/all peptides); the efficiency of protein detection (proteins with proteolytic peptides in mass range/proteins with motif) and efficiency of peptide detection (peptides in mass range/total peptides); and the sequence coverage (length of peptide sequences in detectable range/length of protein). In addition, iPEP reports enrichment in GO categories among detected proteins, using a modified version of relative enrichment factor used by GOFFA (Sun et al., 2006) , which we term the GO enrichment ratio (GER). The GER indicates the significance of a given GO term in a given subset of proteins and in the total number of proteins of a proteome.
Both the proteome complexity and total number of occurrences of the motif in the proteome are calculated. The peptidome complexity for enzymes selected is also reported. The subset of proteins after each filtering step is summarized and can be downloaded as a FASTA file. Two subsets of proteins predicted to be detectable in an experiment can be compared side by side for union, intersection, set difference and symmetric difference (Fig. 2) . These different operations indicate the overlap and unique contribution of each enzyme in identifying the proteins or peptides of research interest. Using these comparisons, complementary enzymes can be selected for proteolysis. Further, subsets of detectable proteins are further analyzed using existing biological knowledge already available for protein annotation via GO terms. When using a specific digestion with a particular instrument one can identify the representation of a GO category that may be of interest (e.g. protein kinase activity).
Using the example of PXSP and PXTP sites that could be phosphorylated by MAPK, 9235 motifs were detected in 4746 proteins. In the combination of trypsin and Lys-C digests, 4744 of these proteins can be detected. Venn diagrams (as seen in Fig. 2 ) are used to compare these digests. If a user is targeting particular proteins in the experiment, the set differences can be examined. As an example, Lys-C proteolysis could identify four proteins not detected in tryptic digests: CU122, PRP1, PRP5 and PRB4L. More complementary proteolysis methods can also be examined.
